Novel approaches targeting the host's immune response to treat Staphylococcus aureus infections have significant potential to improve clinical outcomes, in particular during infection with antibiotic-resistant strains. The hyaluronic acid-binding peptide (HABP) PEP35 was assessed for its ability to treat S. aureus infections using a clinically relevant murine model of surgical wound infection. PEP35 demonstrated no direct antimicrobial activity against a range of antibiotic-susceptible and antibiotic-resistant clinical isolates of Staphylococcus aureus. However, when this peptide was administered at the onset of infection and up to 4 h postchallenge with a methicillin-susceptible (MSSA) or a methicillin-resistant (MRSA) strain of S. aureus, it significantly reduced the bacterial burden at the wound infection site. PEP35 reduced the tissue bacterial burden by exclusively modulating the local neutrophil response. PEP35 administration resulted in a significant early increase in local CXCL1 and CXCL2 production, which resulted in a more rapid influx of neutrophils to the infection site. Importantly, neutrophil influx was not sustained after treatment with PEP35, and administration of PEP35 alone did not induce a local inflammatory response. The immunomodulatory effects of PEP35 on CXC chemokine production were TLR2 and NF-B dependent. We propose a novel role for a HABP as an innate immunomodulator in the treatment of MSSA and MRSA surgical wound infection through enhancement of the local CXC chemokine-driven neutrophil response.
Since the dawn of antibiotic/antimicrobial use, these medicines have saved countless lives representing one of the greatest achievements of modern medicine. However, as a consequence of their widespread usage they are no longer as effective as they once were. In many cases their target organisms have undergone evolutionarily adaptations and have become resistant to the effects of these powerful drugs (1, 6) . Significant efforts must be used to develop new alternative therapeutic approaches that can complement antibiotic treatment of bacterial infections.
Staphylococcus aureus is the most common organism isolated from surgical site infections (SSIs) accounting for ca. 30% of all SSIs (3, 28) . The invasive nature of S. aureus means that initial infection at the wound site has the potential to result in severe life-threatening disease such as septicemia, particularly in immunocompromised patients. The situation is complicated further by the rampant spread of antibiotic-resistant strains of S. aureus in the hospital setting (HA-MRSA). An alternative and attractive strategy to increase the chances of success in eradicating this type of infection would be the use of combined therapies that target the organism directly (antibiotics) and indirectly (enhanced host response via immunomodulatory drugs). The goal for successful immunomodulatory therapy in the treatment of bacterial infection is to boost the immune response sufficiently so as to eradicate the invading microorganism without causing a prolonged associated inflammatory response that could result in host tissue damage.
Optimal clearance of S. aureus infection requires a tightly controlled neutrophil response whereby sufficient neutrophils are recruited to clear the invading organism but these neutrophils are in turn cleared from the site of infection in a timely manner (30, 46) . Polymorphonuclear neutrophils (PMN) are typically recruited to the site of infection in response to the local production of CXC chemokines (26) . Upon exposure to microbial components, resident cells at sites of infection such as tissue macrophages (9) , dendritic cells (4), endothelial cells (8) , and epithelial cells (20) can produce CXC chemokines. Pathogen recognition receptors (PRRs) such as Toll-like receptors (TLRs) expressed by these resident cell types recognize pathogen-associated molecular patterns (PAMPs) on the invading microorganism. This triggers activation of various signal transduction pathways in these cells, culminating in activation of (among others) a family of transcription factors known as the NF-B family, which plays a key role in regulating the immune response to infection, including the induction of chemokine production (27, 45) .
Natural host defense peptides (HDPs) are a critical component of the host's innate immune response (51) . In addition to their documented direct antimicrobial effects, these peptides can trigger a range of immunomodulatory properties, such as activation of TLR signaling and the induction of chemokine production by host cells (14, 16) . Recent studies have identified the therapeutic potential for naturally expressed or synthetically produced homologues of HDPs in the treatment of various infections. The direct antimicrobial activity of these peptides has been well studied, and several peptides have entered clinical trials as topical antimicrobials (11); however, the immunomodulatory therapeutic potential of HDPs has not been explored to the same extent. A recent study demonstrated an exclusive immunomodulatory role for a HDP known as IDR-1 in the treatment of infection with a number of organisms, including S. aureus. The proposed mechanism of action of this peptide relies upon the induction of monocyte/macrophage activation (42) . In addition, generation of a 10-mer peptide from cystatin (a natural cysteine protease inhibitor) demonstrated therapeutic benefit against Leishmania infection in part through the induction of proinflammatory cytokine production by macrophages (36) . To date, however, the potential for immunomodulatory peptides to impact the neutrophil response during infection remains to be established.
We characterized the immunomodulatory properties of a hyaluronic acid-binding peptide (HABP) PEP35 for the treatment of S. aureus surgical wound infection. Previously, we have shown that treatment with this peptide decreases tissue bacterial burden in a clinically relevant murine model of S. aureus surgical wound infection (52); however, the underlying mechanisms mediating these effects were not defined. We now demonstrate for the first time the ability of a synthetic HDP to exclusively promote CXC chemokine-driven neutrophil recruitment to the infection site in a controlled manner that results in efficient bacterial clearance in the absence of a sustained local proinflammatory response. These effects of PEP35 are mediated in part through TLR2-dependent activation of the transcription factor NF-B.
MATERIALS AND METHODS
Peptides. Peptide 35 (PEP35) is the lead peptide in a series of about four generations of sequences designed at Cangene Corp., based on two hyaluronic acid (HA)-binding domains of the HA-binding protein RHAMM (receptor hyaluronic acid-mediated motility) (50) . HA interacts with its receptors via a 9-to 11-amino-acid binding motif of the form B-X 7 -B, with B being the basic amino acid lysine or arginine and X representing nonacidic amino acids. PEP35 was synthesized to contain four B-X 7 -B motifs. PEP35 has the sequence LKQKIKH VVKLKVVVKLRSQLVKRKQN. PEP35 was synthesized by Bachem, Ltd. (Torrence, CA) under GMP regulations using BOC chemistry and purified to Ͼ95% purity. Each synthetic peptide was analyzed by reversed-phase highpressure liquid chromatography to assure purity. A control peptide based on a scrambled sequence of the 27 amino acids in PEP35 was also used (KKKKKL QLQLNLIKKKVQVSVVVVRRH).
Bacterial strains. S. aureus strain PS80 (serotype 8) was obtained from the American Type Culture Collection (catalog no. 27700). S. aureus strain USA100 used in the in vivo models studies was obtained from the Network of Antimicrobial Resistance in S. aureus (NARSA) and is designated as a healthcareassociated MRSA strain (29) . S. aureus strain UC-18 was provided by Innovotech, Inc., Edmonton, Alberta, Canada. Staphylococci were cultivated for 24 h at 37°C on Columbia agar (Difco Laboratories, Detroit, MI) supplemented with 2% NaCl prior to preparation of the inoculums in phosphate-buffered saline (PBS).
Bacterial isolates for MIC testing were obtained from the CANWARD 2007 study (54) . The precise methods of isolate collection in the CANWARD study have been previously described (54) . Resistance to methicillin was confirmed for all S. aureus strains at the coordinating laboratory (Health Sciences Centre, Winnipeg, Manitoba, Canada) as described previously (39) . Community-associated (CA)-MRSA and healthcare-associated (HA)-MRSA were defined genotypically on the basis of their pulsed-field gel electrophoresis epidemic type.
Vancomycin-intermediate S. aureus (VISA) and vancomycin-resistant S. aureus (VRSA) isolates were obtained through the NARSA program (39) .
Antimicrobial susceptibility testing. A custom designed panel of antimicrobials was created containing PEP35, cefazolin, clindamycin, daptomycin, levofloxacin, linezolid, and vancomycin. Following two subcultures from frozen stock, the MICs of the antimicrobial agents for each isolate were determined by the Clinical and Laboratory Standards Institute (CLSI; 2005) approved broth macrodilution method (54) . Briefly, test tubes containing doubling antibiotic dilutions (2 ml per tube) of cation-adjusted Mueller-Hinton broth were inoculated to achieve a final concentration of approximately 5 ϫ 10 5 CFU/ml and incubated in ambient air for 24 h prior to reading. Colony counts were performed periodically to confirm inocula. PEP35 was solubilized in 10 mM sodium acetate. Susceptibility testing was expressed as the MIC, MIC 50 , MIC 90 , and MIC range (all as g/ml) (39) .
Animals. Wild-type mice (C57BL/6, 6 to 8 weeks old) were obtained from Jackson Laboratory (Bar Harbor, ME), TLR-deficient mice (TLR2 Ϫ/Ϫ ) on a C57BL/6 background were bred in house or were from the Jackson Laboratory. All animal experiments were performed in accordance with the guidelines set forth by the Harvard Medical School Standing Committee on Animals.
Mouse model of S. aureus wound infection. Surgical wound infection was established as previously described (30, 31) . A total of 10 l of S. aureus organisms (10 4 CFU/ml) suspended in PBS with or without PEP35 were introduced into the wound site. For most experiments, peptides were solubilized in the S. aureus-PBS suspension prior to being administered to the wound, which ensured a simultaneous introduction of S. aureus and peptides to the wound tissues. For therapeutic studies, peptides or PBS were administered via intramuscular injection (0.05-ml volume) at selected time points after surgery. The injection site represents an area within a 1-cm radius from the incision site. At specific time points after the induction of infection, wound tissue was excised and analyzed as described below.
For histological analysis, excised tissue was fixed in formalin, embedded in paraffin, and stained with hematoxylin and eosin (H&E) for microscopic examination of leukocyte infiltration. Individual tissue sections were examined and scored for relative neutrophil infiltration by using a Zeiss Axioskop 2 Plus microscope. Tissue sections were ranked in severity and assigned a score of between 1 and 4.
Neutrophil accumulation at the wound site was quantified by measuring tissue myeloperoxidase (MPO) levels as previously described (30) . The MPO activity was calculated per gram of tissue weight.
For cytokine and chemokine analysis, wound tissue was homogenized in a lysis buffer, and CXCL1 (KC), CXCL2 (MIP-2), and CCL2 (MCP-1) levels were measured by enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN).
Total tissue bacterial burden was established by homogenizing tissue in tryptic soy broth and plating serial dilutions on tryptic soy agar plates. The results were expressed as CFU/gram of tissue weight.
In vitro macrophage analysis. Total peritoneal leukocytes were harvested from mice by peritoneal lavage using cRPMI (5 ml). Cells were then incubated in complete RMPI medium containing 10% fetal bovine serum (FBS) for 90 min at 37°C, to allow peritoneal macrophages adhere to 96-well plates. Nonadherent cells were then washed away. Adherent macrophages were then stimulated with a known concentration of heat-killed S. aureus (exposed to 70°C in a heating block for 30 min) in the presence or absence of PEP35 (0.5 to 100 g/ml). After 24 h in culture, the supernatants were collected for CXC chemokine analysis by ELISA. For NF-B inhibition assays, Bay 11-7082 (Sigma Aldrich) at the indicated concentrations was added to the cells for 1 h prior to stimulation with bacteria and peptide. Control wells were treated with medium containing dimethyl sulfoxide (DMSO) at a similar concentration to that present in the inhibitor.
In vitro human macrophage cell line analysis. The human monocyte cell line 28SC was used to establish the effects of PEP35 on human cells. A total of 1.0 ϫ 10 5 to 1.0 ϫ 10 6 cells/ml cells were seeded into 96-well plates in 10% FBS plus Dulbecco modified Eagle medium. The cells were then stimulated with a known concentration of heat-killed S. aureus (10 6 CFU/ml) or Escherichia coli lipopolysaccharide (LPS) (6,250 endotoxin units [EU]/ml) in the presence or absence of PEP35 (100 g/ml). After 24 h in culture, supernatants were collected for CXCL8 chemokine analysis by ELISA.
Statistical analysis. All statistical analysis was performed by using a MannWhitney two-tailed t test (Prism 4 GraphPad software). P values of Ͻ0.05 were considered statistically significant.
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RESULTS
PEP35
does not exhibit direct antimicrobial activity for S. aureus. The direct antimicrobial activity of PEP35 against MSSA, CA-MRSA, HA-MRSA, VISA, and VRSA isolates was tested in comparison to known antibiotic compounds (Table 1). Against MSSA, PEP35 displayed poor activity, with an MIC 50 and an MIC 90 of 256 and 512 g/ml, respectively (MIC range, 128 to 512 g/ml). This poor activity of PEP35 was consistent across the various S. aureus genotypes, with an MIC 50 and an MIC 90 of 512 and 512 g/ml, respectively, for HA-MRSA; an MIC 50 and an MIC 90 of 256 and 512 g/ml, respectively, for CA-MRSA; an MIC 50 and an MIC 90 of 512 and 1,024 g/ml, respectively, for VISA; and an MIC 50 of 256 g/ml, respectively, for VRSA. The poor antimicrobial activity of PEP35 against S. aureus genotypes was not associated with susceptibility or resistance to other chemically unrelated drug classes. These data predict that PEP35 will have little or no direct antimicrobial activity in vivo.
PEP35 promotes early CXC chemokine-driven neutrophil recruitment locally at the S. aureus surgical wound infection site. We hypothesized that PEP35 may be having some local immunomodulatory activity at the infection site. To investigate this concept, we established surgical wound infections in wildtype (WT) mice and assessed the local CXC chemokine response in the presence of PEP35. Administration of PEP35 (100 g) in combination with S. aureus resulted in a significant increase in local CXCL1 and CXCL2 chemokine production at 6 and 24 h, respectively, postchallenge (Fig. 1A) . We have previously identified these time points as the peaks of CXCL1 and CXCL2 production in this model (30, 31) . Administration of a scrambled control peptide did not have any appreciable effect on CXC chemokine production at the wound site. PEP35 exclusively enhanced CXC chemokine production because local production of the CC chemokine CCL2 and the proinflammatory cytokine interleukin-1␤ (IL-1␤) remained unchanged in the presence of PEP35 (Fig. 1A) .
To establish if this enhanced CXC chemokine production translated to an increase in local PMN recruitment to the wound site, we scored H&E-stained wound tissue sections from mice challenged with S. aureus alone or S. aureus in combination with PEP35 (100 g). Treatment with PEP35 resulted in an increase in PMN infiltration to the wound site at 24 h postchallenge ( Fig. 1B and C) . PMN infiltration was then quantitated by using a MPO assay (15, 41) . Consistent with the histological analysis, mice that received PEP35 treatment demonstrated significantly higher MPO levels at 24 h postchallenge compared to untreated mice or mice that received control peptide. Uninfected mice challenged with PBS only had significantly lower levels of MPO compared to S. aureus-challenged mice (Fig. 1D) .
PEP35 does not result in sustained neutrophil influx to the infection site. To ascertain whether PEP35 treatment resulted in sustained neutrophil influx at the infection site, we challenged mice with S. aureus in the presence or absence of PEP35 and then examined PMN infiltration to the wound site on day 5 postchallenge. Typically, in this infection model, maximal infection levels are seen by day 3 (31). On day 5 postchallenge, mice that had received PEP35 in combination with S. aureus demonstrated a reduced level of neutrophil influx at the wound site ( Fig. 2A ) and had significantly reduced levels of tissue MPO compared to untreated mice (Fig. 2B ). These data suggest that in the presence of PEP35 the bacterial infection is cleared more rapidly, and there does not appear to be sustained inflammatory infiltration as a consequence of PEP35 administration.
PEP35 administration in the absence of infection had no impact on the host's immune response. To investigate whether PEP35 alone induced any proinflammatory responses, we established a sterile wound in WT mice and then administered PEP35 or PBS directly into the surgical site in the absence of any bacterial challenge. Local production of the CXC chemokines CXCL1 and CXCL2 was measured over a 3-day time period. Administration of PEP35 (100 g) did not result in any significant (P Ͼ 0.05 at all time points) CXC chemokine production locally at the wound site above that induced by surgical procedure itself (PBS challenge) ( Table 2 ). In addition, all of the mice survived, and no adverse effects on the health of the mice or healing of the surgical site were noted as a consequence of PEP35 administration.
Administration of PEP35 as a treatment up to 4 h postinfection promotes significant CXC chemokine-driven neutrophil recruitment and associated bacterial clearance. To establish the optimal therapeutic window for administration of PEP35, we established S. aureus surgical wound infections in WT mice and then administered PEP35 as an intramuscular injection directly into the wound site at various time points after bacterial challenge. Administration of PEP35 (100 g) up to and including 4 h after bacterial challenge resulted in a comparable increase in CXCL1 production at 6 h (Fig. 3A) to that seen when PEP35 was administered at the same time as the challenge inoculum (Fig. 1A) . Interestingly, however, the stimulation of CXCL2 production at 24 h was not significantly enhanced when PEP35 was administered 2 h after bacterial challenge (Fig. 3B) . Administration of PEP35 up to and including 4 h after bacterial challenge also significantly increased tissue MPO levels (Fig. 3C) . Consistent with the observed immunomodulatory effects, administration of PEP35 at 2 and 4 h after bacterial challenge resulted in an ϳ2-log decrease in median tissue bacterial burdens on day 3, an effect similar to that seen when PEP35 was administered at the same time as the bacterial challenge (0 h). When PEP35 was administered 6 h after the bacterial challenge the effect was no longer significant. We then went on to ascertain the optimal concentration of PEP35 required to promote bacterial clearance. Administration of 75 or 50 g of PEP35 at 2 h after bacterial challenge efficiently reduced tissue bacterial burden at the wound site on day 3 (see latory effects during infection with a common HA-MRSA strain, we established infection in WT mice using S. aureus strain USA 100 in the presence or absence of PEP35. CXCL1 levels at 6 h were significantly elevated in the presence of PEP35 compared to the levels induced by bacteria alone (Fig.  4A ). This increase in local CXCL1 production translated into a significant increase in neutrophil influx to the infection site, as assessed by the quantitation of tissue MPO levels at 24 h (Fig. 4B ). In addition, we assessed tissue bacterial burden on day 3 postchallenge and demonstrated a significant ϳ2-log reduction in median tissue bacterial burdens in the presence of PEP35 (Fig. 4C) . Furthermore, PEP35 was capable of reducing tissue bacterial burden when a potent biofilm-forming HA-MRSA strain (UC-18 [24, 25] ) was used (see Fig. S2 in the supplemental material). PEP35 dose dependently modulates CXC chemokine production by primary murine macrophages. To establish that monocyte/macrophages were present at the wound site immediately following S. aureus surgical wound infection, we isolated infiltrating leukocytes from infected wound tissue by collagenase digestion and analyzed the phenotypes of these cells using monoclonal antibodies against monocyte/macrophage surface markers, followed by fluorescence-activated cell sorting analysis. Of the infiltrating CD45 ϩ leukocytes, ϳ80.3% Ϯ 5.99% were CD11b ϩ and ϳ21.8% Ϯ 5.98% were F4/80 ϩ at 3 h postchallenge. These data indicate the presence of tissue macrophages at the wound site at early time points postchallenge and identify them as a potential cellular target for the actions of PEP35 at the wound site.
To delineate the mechanism of action of PEP35, we utilized an in vitro model system testing responses of naive murine peritoneal macrophages to PEP35. The very low numbers of viable macrophages obtained from uninfected surgical wounds precluded the use of wound tissue macrophages in these studies. Macrophages were stimulated with heat-killed S. aureus (10 5 or 10 4 CFU/ml) in the presence or absence of PEP35. Heat-killed S. aureus resulted in significant CXCL1 and CXCL2 production at 24 h. Previous time course experiments had established this as the optimal time point for S. aureusinduced CXC chemokine production by peritoneal macrophages in vitro, and dose-response studies demonstrated that 10 5 or 10 4 CFU of heat-killed bacteria/ml induced optimal (and similar) levels of CXC chemokine production (2,193 Ϯ 288 versus 2,367 Ϯ 503 pg of CXCL1/ml for 10 5 and 10 4 CFU/ml, respectively). The addition of PEP35 resulted in a dose-dependent increase in CXCL1 production (Fig. 5A) , with the maximum effect observed at a concentration of 5 g/ml; thereafter, the effects diminished. A similar trend was observed for CXCL2 production by macrophages after PEP35 treatment, although this did not reach statistical significance (Fig.  5B) . Treatment of the peritoneal macrophages with PEP35 alone did not induce CXCL1 or CXCL2 production above the levels of the medium control even at very high doses ( Fig. 5A and B).
To determine whether PEP35 remained functionally active in the context of human monocyte/macrophages, we demonstrated the ability of PEP35 to enhance heat-killed S. aureus and E. coli-LPS induced production of CXCL8 by the human monocyte cell line 28SC (see Fig. S3 in the supplemental material).
The immunomodulatory effects of PEP35 are dependent upon NF-B activation. Innate immune recognition of S. aureus potentially involves numerous distinct signaling pathways (10, 19) . A common component of all of these signaling pathways involves activation of the transcription factor NF-B (7, (18, 33, 35) . Therefore, we investigated PEP35-mediated CXC chemokine production in the absence of NF-B activation. Primary WT peritoneal macrophages were pretreated with Bay 11-7082, a compound that inhibits a critical stage in the NF-B activation pathway (IB␣ phosphorylation) or medium containing DMSO only for 1 h prior to stimulating cells with S. aureus in the presence of PEP35 (1 g/ml). CXCL1 production was then quantified at 24 h, and the results demonstrate that PEP35 was incapable of enhancing S. aureus-induced CXCL1 production in the presence of the NF-B inhibitor (Fig. 5C ). The data in this figure are presented as the fold increase in CXC chemokine production compared to the no-peptide control due to the fact that DMSO (required to solubilize inhibitor) was added to all cells (PEP35 and untreated). These data suggest that PEP35 requires NF-B signaling to mediate its immunomodulatory effects on CXC chemokine production at the infection site.
PEP35 immunomodulatory effects are partially TLR2 dependent. To begin to identify a target receptor for the actions of PEP35 in vivo, we established S. aureus surgical wound infections in TLR2
Ϫ/Ϫ mice in the presence or absence of PEP35 treatment. In the presence of PEP35, CXC chemokine production was marginally but not significantly increased compared to untreated mice (38.2 versus 45.6 ng/g of tissue for untreated versus PEP35-treated mice, respectively) (Fig. 6A ), but this did not translate to an increase in neutrophil recruitment to the wound infection site because MPO levels were unchanged in the presence of PEP35 (Fig. 6B) . Total tissue bacterial burden was also not significantly reduced in the presence of PEP35 in the TLR2 Ϫ/Ϫ mice (Fig. 6C) . However, there was a partial effect of PEP35 in the absence of TLR2 signaling. The reduction in median tissue bacterial burden in the presence of PEP35 was 0.8 log in the TLR2 Ϫ/Ϫ mice, which is a reduced effect compared to that seen in WT mice (the log reduction in the presence of PEP35 was ϳ2 log (Fig. 3D) .
DISCUSSION
We characterized the immunomodulatory properties of a hyaluronic acid-binding peptide (HABP), PEP35, and propose this as a potentially novel, safe, and effective therapeutic for the prevention or treatment of S. aureus surgical wound infections with both MSSA and MRSA in the hospital setting. Our data demonstrate that PEP35 transiently enhances innate immune signaling pathways through NF-B signaling, which depends (partially) upon TLR2 activation. This results exclusively in increased CXC chemokine production and promotes neu- An HABP similar to PEP35 was previously shown to inhibit contact hypersensitivity responses in mice by blocking skin directed trafficking of inflammatory leukocytes (38) . Given the fact that PEP35 improved bacterial clearance during S. aureus surgical wound infection (52), we thought it unlikely that PEP35 was inhibiting leukocyte trafficking to the infection site. Initial studies therefore investigated the direct antimicrobial effects of PEP35 on S. aureus. An in-depth analysis was performed by using CLSI methodology to establish the MIC of PEP35 against a wide range of S. aureus clinical isolates including MSSA, HA-MRSA, CA-MRSA, VISA, and VRSA strains. The MIC range for PEP35 against these strains was 128 to 1,024 g/ml, suggesting little to no direct activity and limited potential for development as an antimicrobial with direct antibacterial activity. Commonly used antimicrobials for the treatment MRSA infections typically display MICs in the range of 0.12 to 4 g/ml (59).
Having determined that the primary mechanism for PEP35 activity was not as a direct antimicrobial, we now propose PEP35 as an immunomodulator that exclusively enhances early CXC chemokine production. Enhanced CXC chemokine production subsequently promotes a rapid recruitment of neutrophils to the S. aureus wound infection site. It is widely accepted that neutrophils are a critical determinant in the outcome of S. aureus infection (46); however, recent studies suggest that this neutrophil response must also be tightly controlled (13, 30, 31) . The fact that a single dose of PEP35 induced a rapid but not sustained (inflammatory response at the infection site was reduced in PEP35-treated mice compared to control mice by day 5) influx of neutrophils to the infection site highlights its great potential as an immunomodulatory treatment for bacterial infections.
PEP35 is very fast acting at the infection site, and optimal immunomodulatory effects (increased CXC chemokine production and neutrophil recruitment) are achieved when PEP35 is administered within the first 4 h of bacterial challenge. These data suggest that PEP35 preferentially modulates early events in the host's immune response to infection. Consistent with this conclusion, our in vitro data demonstrate that PEP35 has a more pronounced effect on CXCL1 production over that of CXCL2 in macrophages. In addition, PEP35 demonstrated reduced efficacy in terms of CXCL2 production when administered at 2 h after bacterial challenge, supporting the notion that this may not be the primary target pathway for PEP35 in vivo. It has previously been established that during an inflammatory immune response CXCL1 is typically produced with a more rapid time course than other CXC chemokines (2, 12, 21, 30, 31) . Therefore, at the S. aureus infection site the more rapid production of CXCL1 makes this a more likely target pathway for the "early" actions of PEP35. It is also possible that PEP35 may impact upon specific signaling pathways that preferentially regulate the production of CXCL1 as opposed to CXCL2, since previous studies have demonstrated that CXCL1 and CXCL2 may be under distinct regulatory controls FIG. 4 . PEP35 enhances the local neutrophil response and promotes bacterial clearance during HA-MRSA surgical wound infection. (A) Surgical wounds were established in WT mice and in mice infected with S. aureus strain USA100 (10 2 CFU) alone or in combination with PEP35 (100 g). Tissue levels of CXCL1 were measured at 6 h postchallenge (n ϭ 10 mice per group). (B) Wound tissue was excised at 24 h and homogenized, and the tissue MPO levels were quantified (n ϭ 8 mice per group). For the data in panels A and B, the median is represented by a horizontal bar within the box. The upper and lower boundaries represent the 25th to 75th percentiles of the data, and whiskers represent the 10th and 90th percentiles of the data. (C) Wound tissue was also excised on day 3, and the total tissue bacterial burden was quantitated by plate counts. The results are expressed as the log CFU per gram of tissue, and the median is indicated by a bar (n ϭ 10 mice per group). (12) . Further studies are required to extensively profile the effects of PEP35 on other inflammatory mediators produced at the S. aureus infection site; however, our data indicate that PEP35 may be exclusively enhancing CXC chemokine production since we did not observe any increase in CC chemokine or proinflammatory cytokine production at the wound site in the presence of PEP35. The lack of a prolonged inflammatory response after PEP35 treatment may be attributed to the relatively short half-life of the peptide as is typical of cationic peptides in vivo (16) . Preliminary studies indicate that the estimated half-life of PEP35 in the circulation is 20 min when administered intravenously and, after local administration, the peptide is detectable in the circulation for 60 min postdosing (L. Saward and X. Han, data not shown). These data imply that PEP35 has a very narrow window of opportunity to modulate or enhance only those aspects of the host immune response that are occurring within that time window. We therefore propose that the optimal treatment regimen for PEP35 would be repeated prophylactic administration following surgery. The presence of PEP35 at the wound site would ensure that immediately upon contamination of the wound with S. aureus, PEP35 would rapidly enhance neutrophil recruitment to the infection site, facilitating a rapid clearance of the invading organism and preventing the progression of fulminant wound infection. The feasibility of this approach is supported by the fact that PEP35 alone does not cause any associated inflammation at the site of administration. The benefits of repeated administration of PEP35 once wound infection has been diagnosed should also be considered. Preliminary studies have demonstrated that administration of PEP35 at the time of challenge and again at 24 h postchallenge resulted in a significant reduction in tissue bacterial burden at the wound site on day 3 (no PEP35 versus PEP35 at time zero and 24 h postchallenge ϭ 5.5 Ϯ 0.2 and 2.3 Ϯ 0.94 log CFU/g of tissue, respectively).
Our previous data suggest that PEP35 is most effective in the presence of low numbers of bacteria (52) . Therefore, we predict that it will be most effective therapeutically very early in the infectious process, before clinical symptoms may even become apparent. In the present study, therefore, we focused on establishing the mechanisms of action of PEP35 at very early time points in the infectious process. We have, however, gen- erated some preliminary data on the effect of PEP35 on established infection at later time points in the presence of a higher bioburden. The administration of PEP35 at day 3 and again on day 5 after establishing S. aureus surgical wound infection resulted in 1.5-log reduction in tissue bacterial burden at the wound site on day 7 (tissue bacterial burden for no PEP versus repeated PEP35 treatment ϭ 6.47 Ϯ 0.3 and 5.1 Ϯ 0.6 log CFU/g of tissue, respectively). The focus of the present study was, however, to establish the mechanism of action of PEP35 in vivo, and further work is required to optimize its clinical efficacy. Although PEP35 shares some immunomodulatory properties with endogenous antimicrobial peptides such as the cathelicidin family of peptides, it lacks the direct antimicrobial activity of these host defense peptides. The human cathelicidin LL-37 has the ability to modulate the immune response through the recruitment of neutrophils, monocytes, T cells, and mast cells (53) and has been shown to promote CXC chemokine production (55) . However, in the presence of bacterial stimulation, LL-37 has also been shown to downregulate NF-B induced signaling in macrophages (32), a mechanism distinct from that described here for PEP35.
A recent study has already highlighted the therapeutic potential of an immunomodulatory host defense peptide (HDP) in the treatment of S. aureus infections. This HDP enhanced production of the CC chemokine CCL2, which is responsible for driving monocyte/macrophage recruitment and activation during the immune response. (42) . We now propose PEP35 as an alternative immunomodulatory peptide treatment for S. aureus wound infections, which utilizes a distinct mechanism of action, i.e., promoting early recruitment of neutrophils to the infection site. In our model, PEP35 exclusively increased CXC chemokine production at the wound infection site and had no significant effect on the production of the CC chemokine CCL2. In line with this, PEP35 did not significantly increase the proportions of F4/80 ϩ macrophages present at the wound site at 24 h (no PEP ϭ 35.12%, PEP35 ϭ 42%) or 72 h (no PEP ϭ 38.3%, PEP35 ϭ 43.5%) after bacterial challenge. As a consequence of the surgical trauma, monocytes are recruited rapidly to the wound site and differentiate into tissue macrophages. These tissue macrophages are therefore available as resident cells at the wound site and can rapidly respond to the bacteria and/or PEP35. Thus, macrophages represent an early effector cell target for PEP35 and can participate in the recruitment of neutrophils to the site of infection by secreting CXC chemokines (and proinflammatory cytokines). Preliminary studies using a murine skeletal muscle cell line (the other major resident cell type present at the surgical wound site in our model) demonstrated that these cells were not capable of producing significant CXC chemokines in response to S. aureus stimulation (R. M. McLoughlin, data not shown). It must be considered, however, that PEP35 may be capable of activating other effector cell types, e.g., dendritic cells and fibroblasts, which may also be present at the wound site.
Our in vitro and in vivo results indicate that in the absence of bacterial stimulation PEP35 is not effective, suggesting that instead PEP35 acts to modulate a signaling pathway that is initially activated by the bacteria. During S. aureus infection distinct innate signaling pathways are activated by the multitude of different PAMPs expressed by the bacteria. Significant controversy exists currently with regard to the specific signaling pathways engaged by individual S. aureus virulence factors, and the relative contribution of each of these innate signaling pathways to the host's immune response remains unclear (17, 37, 48) . A common point of convergence, however, between multiple pathways is the family of NF-B transcription factors. The NF-B family of transcription factors consists of a group of proteins that are retained as homo-or heterodimers (45) in an inactive state in the cytoplasm bound to inhibitory proteins known as IBs. Activation of a PPR or proinflammatory cytokine receptor activates a signal transduction cascade, which leads to degradation of the IB inhibitor complex and the release of NF-B dimers that can then translocate to the nucleus and turn on target gene transcription (5) . Drugs that inhibit the IB complex degradation can be used to inhibit the actions of NF-B (34, 44) . In the presence of the IB inhibitor Bay 11-7082 (40), PEP35 was unable to induce any increase in CXCL1 production by the macrophages above that induced by S. aureus alone. These data suggest that activation of the NF-B transcription complex is critically required to mediate the effects of PEP35 on CXC chemokine production.
In an attempt to establish a more precise mechanism of action for PEP35 in our system, we investigated the interaction between PEP35 and TLR2. Neutrophil recruitment and proinflammatory responses during S. aureus infection have previously been shown to be critically dependent upon TLR2 signaling in vivo (23, 43, 49) . In TLR2 Ϫ/Ϫ mice the actions of PEP35 were diminished, suggesting that TLR2 signaling is It has recently been shown that the HA receptor CD44 can negatively regulate TLR2-mediated activation of NF-B signaling through a direct association between CD44 and TLR2 on the cell surface (22) . It is therefore tempting to speculate that PEP35 does not interact directly with TLR2 but may mediate its effects in vivo by somehow interfering with the regulatory effects of CD44 on TLR2-mediated signaling, thus indirectly and temporarily enhancing S. aureus activation of TLR2-mediated CXC chemokine production. The fact that PEP35 still retained some activity in the TLR2 Ϫ/Ϫ mice (i.e., the bacterial burden was reduced by 0.8 log in the presence of PEP35) indicated that PEP35 may also modulate other PRRs that signal through NF-B. In line with this, we observed the ability of PEP35 to enhance E. coli-LPS induced CXCL8 production by human monocytes, suggesting that PEP35 can also interact with TLR4 (see Fig. S3 in the supplemental material) . A large-scale screen beyond the scope of the present study is ultimately required to absolutely establish the precise cellular receptors targeted by PEP35 in vivo, which results in NF-Bmediated effects specifically on CXC chemokine production.
In conclusion, we propose PEP35 as a novel immunomodulatory treatment for S. aureus wound infection through its ability to enhance early CXC chemokine-driven neutrophil recruitment to the infection site. We demonstrate here for the first time the ability of a HABP to drive CXC chemokine production through a mechanism that is dependent upon activation of NF-B signaling pathways and also appears to be TLR2 dependent. Novel immunomodulatory molecules such as this, which could be used to supplement or complement the effects of standard antibiotic therapy, represent an alternative and exciting approach for the future treatment of S. aureus and other bacterial infections, particularly in the face of rising levels of antibiotic resistance among bacterial strains. In the present study all experiments were carried out in the absence of antibiotic because it was necessary to first establish the mechanism of action of this immunomodulatory compound in vivo, which would have been difficult to achieve in the in the presence of antibiotics. Clearly, immunomodulatory therapies such as this represent the future of the treatment of S. aureus infections given that it is unlikely that bacterial resistance will develop toward these molecules since they are not directed against the microorganism.
